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Abstract 
 
World’s climate is changing and it is predicted, by a significant number of scientific studies 
that changes in climate conditions will escalate in the later part of the century. As a 
consequence, urban water demand is likely to be affected. Changes in water demand will 
exert significant pressure on the water authorities to maintain the balance between water 
demand and supply. Therefore, assessment of climate change impacts on water demand is 
crucial to ensure water demand is met under changed climate conditions. This chapter 
discusses the outcomes of a critical review of literature on climate variables in water demand 
modelling. It also evaluated the impacts of climate change on future water demand in the 
Blue Mountains region, New South Wales, Australia, as a case study with the climate 
projections from a global climate model, CSIRO Mk. 3. It was found that temperature and 
rainfall are the mostly used climate variables in water demand modelling; however, their 
form (e.g. maximum temperature, total rainfall and number of rain days) and incorporation of 
other climate variables in modelling need to be investigated to develop a robust water 
demand model to identify the climate change impact more efficiently. Results of climate 
change impact assessment on urban water demand demonstrated that future water demand in 
the Blue Mountains region in Australia would not be significantly impacted by the changed 
climate conditions. The results presented in this chapter provide important insights which 
could be useful in conducting a more rigorous climate change impact analysis on urban water 
demand in other cities and regions. 
 
Keywords: Urban water demand, CSIRO Mk. 3, Blue Mountains, water demand modelling, 
uncertainty analysis 
 
Introduction 
Water is an essential natural resource, which plays an important role in supporting human 
lives and ecological systems. Water is increasingly being viewed as a severely stressed 
resource. In a research study on water security in a global perspective, it has been reported 
that 80% of world’s population is under vulnerable conditions in regards to receiving 
sufficient water for their needs (Vörösmarty et al. 2010). Over extraction of groundwater, 
inadequate flow in the major river systems, increase in water demand due to growing 
population and rapid urbanisation, water pollution and economic development are placing 
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unsustainable demands on fresh water resources at many locations in the world (Postel 2000, 
Vörösmarty et al. 2000, Güneralp and Seto 2008, Beck and Bernauer 2011). Moreover, 
changing climate conditions are likely to exacerbate the existing pressures on water supplies 
and exert increased adverse impacts on water resources around the globe (Bates et al. 2008, 
House-Peters and Chang 2011, Xiao-jun et al. 2013). 
The limited availability of fresh water resources in many cities around the world has become 
a major concern in recent years. The Fourth Assessment Report of the Intergovernmental 
Panel for Climate Change (IPCC) has reported alterations to availability of water  around the 
world due to the changing climate (Rosenzweig et al. 2007). Though a range of sectors are 
likely to be affected by water shortages including industry and agriculture, predictions by the 
IPCC has suggested that water demand and supply to the residential sector would need more 
attention in the changing climate conditions (Bates et al. 2008). It has been predicted by 
several studies that the frequency and severity of drought events are likely to increase in 
many regions in the world in the future as a result of climate change (Gergis and Fowler 
2009). Consequently, availability of water resources is expected to decline and at the same 
time the demand for water is expected to be higher in the future in many regions.  
Australia is one of the driest places on earth and its climate is highly variable in nature 
(Preston and Jones 2008, Zaman et al. 2012). Many places in Australia, has already felt the 
impacts of changed climate conditions on available water resources. For example, south-
western Australia has experienced an increase in average temperature of about 10C through 
the 20th Century and it has seen a reduction of rainfall by 16% since the mid 1970s, resulting 
in a reduction of about 50% in streamflow into major reservoirs (McFarlane et al. 2012, 
Silberstein et al. 2012). During the recent prolonged drought (1997-2007), most of the major 
dams in Australia reached critical levels of supply in relation to meeting the water for cities. 
Consequently, the authorities had to implement mandatory water restrictions throughout 
Australia to keep the water demand low in order to manage the low water supply (Haque et 
al. 2013a, 2014a). For example, in Sydney in the state of New South Wales (NSW), 
mandatory water restrictions were introduced in October 2003 when the combined reservoir 
levels dropped below 55% (Sydney Water 2015). However, due to the continuation of 
drought, the NSW State Government had to impose even more stringent water restrictions on 
outdoor water use in Sydney as the water level in the reservoirs continued to drop further and 
reached below 50% and 40% in June 2004 and June 2005, respectively. The mandatory water 
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restrictions in Sydney were withdrawn in June 2009 almost after six years when the reservoir 
levels reached to about 60%.  
In a recent investigation on future climate change conditions in Australia, CSIRO (2015) has 
demonstrated that temperature in Australia are likely to continue to rise in the current century 
at a higher rate than the past century (in the period of 1910 to 1990, Australia has been 
warmed by 0.60C). It has been projected that by 2030, the temperature is likely to rise by 
0.60C to 1.50C and 1.00C to 2.50C by 2070 under the low greenhouse gas emission scenario 
compared to the climate of 1980-1999. Under the high emission scenario, the projected 
increment rate is expected to be about 2.20C to 5.00C by 2070 in comparison to the 1980 - 
1999 climate, which is alarming. Consequently, the number of hot days and warm nights 
would be higher, and the number of cool days and cold nights would be lower in the coming 
years. Average rainfall is expected to decrease further over southern Australia by -20% to 0% 
and -30% to +5% by 2070 under low and high emission scenarios, respectively, as compared 
to the climate of 1980-1999. Rainfall projections have demonstrated that the largest decrease 
in rainfall is more likely to happen in winter and spring seasons. In northern Australia, the 
projected changes in rainfall are found to be -20% to +10% and -30% to +20% by 2070 for 
low and high emission scenarios, respectively. 
Since, climate is changing and the projection of changes in climate conditions in future 
decades are found to have significant adverse consequences on the available water resources, 
a sound understanding and quantification of the impacts of climate change on urban water 
demand and supply are critical. This is needed to optimise the efficiency of urban water 
demand management and to ensure adequate water supplies to cities in the future. Impact of 
climate change on future water demand can be identified in a number of steps: (i) develop a 
water demand forecasting model based on the climate variables along with other influential 
water demand variables; (ii) input the future climate scenarios/probable future values of the 
climate variables to the developed forecasting model; and (iii) compare the predicted future 
water demand with that of the selected reference period. Hence, incorporation of probable 
future climate scenarios in the water demand forecasting model is an integral part of 
identifying the likely impacts of climate change on future water demand.  
Projections of future climate conditions to be adopted in the water demand forecasting model 
can be obtained by using hypothetical scenarios (Haque et al. 2014b) (e.g. assume a 
reasonable change in the future climate conditions, for example assume an increase of 10C in 
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temperature and 10% decrease in rainfall amount in a future time horizon from the reference 
period). Another way of deriving the future projections of climate scenarios is to use the 
climate prediction from global climate models (GCMs). GCMs are generally considered to be 
the most appropriate tool to obtain the estimate of future climate scenarios. They are 
extensively used in estimating the impacts of climate change on future runoff/streamflow 
conditions (van Roosmalen et al. 2010, Andersson et al. 2011, Bastola et al. 2011, Haque et 
al. 2015). This chapter investigates how urban water demand can be impacted by future 
changed climate conditions by linking GCM projections with the water demand forecasting 
model. It also presents a critical review of literature on the climate variables used in water 
demand modelling, followed by the climate change impact analysis and the presentation of 
forecasting results in terms of climate change impacts on future water demand for a selected 
water supply system in Australia. 
Climate variables in water demand modelling adopted in literature 
Urban water demand is commonly influenced by a number of variables, which generally 
differs between geographical locations. Several categories of variables are discussed in the 
literature to model urban water demand, such as demographic variables [e.g. household size 
(i.e. number of people living in a house), population growth and education level of the 
people], socio-economic variables [e.g. water price, income and rate structure], built 
environment variables [e.g. age of the building, size of the lot and garden size], policy related 
variables [e.g. water restrictions and water efficient appliances], psychological variables [e.g. 
water use habits and attitudes] and climate variables [e.g. temperature and rainfall]. In order 
to identify the impacts of climate change conditions on water demand, incorporation of 
appropriate climate variables in the water demand forecasting model is essential. Research 
studies have adopted a range of different climate variables in their water demand modelling 
(Table 1) to assess the influence of climate variables on water demand. 
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Table 1. Types of climate variables adopted in water demand modelling as reported in the 
literature 
SN Types of climate variables Country of study Reference 
1 Average annual temperature and rainfall Kathmandu, Nepal Babel et al. (2007) 
2 Mean annual temperature, total annual precipitation and drought index Phoenix, U.S.A Balling Jr. and Gober (2007) 
3 Daily low temperature and difference between daily high and low temperatures Phoenix, USA Guhathakurta and Gober (2007) 
4 Average maximum daily temperature and total precipitation over the course of each billing period Colorado, USA Kenney et al. (2008) 
5 Summer maximum temperature and annual precipitation Oregon, USA Franczyk and  Chang (2009) 
6 Monthly average daily maximum temperature and precipitation Phoenix, USA Harlan et al. (2009) 
7 
Monthly average temperature, minimum temperature, 
maximum temperature, precipitation, wind speed, 
relative humidity, daylight length and cloud cover 
 Seoul, Korea Praskievicz and  Chang (2009) 
8 
Average temperature in summer months and  average 
number of days with rainfall > 1 mm in summer 
months 
Germany Schleich and Hillenbrand (2009) 
9 Average maximum daily temperature and cumulative precipitation Seattle, Washington, USA 
Polebitski and Palmer (2010) 
10 Deviation of rainfall, temperature and evaporation values from respective average values  Sydney, Australia Abrams et al. (2012) 
11 
Daily rainfall, evaporation, relative humidity, 
maximum temperature, minimum temperature and 
mean temperature 
Bangkok, Thailand Babel  and  Shinde (2011) 
12 Daily total precipitation and daily maximum temperature Montreal, Canada Adamowski et al. (2012) 
13 Monthly mean of maximum daily temperature Mecca, Saudi Arabia Almutaz et al. (2012) 
14 Monthly rainfall, evaporation, relative humidity, minimum temperature and maximum temperature Bangkok, Thailand Babel et al. (2014) 
15 Average daily maximum temperature and average daily precipitation Salt Lake City, Utah, USA Stoker and Rothfeder (2014) 
16 Monthly total rainfall and monthly mean maximum temperature. 
Blue Mountains, Sydney, 
Australia Haque et al. (2014a) 
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It can be seen in Table 1 that majority of the past studies adopted temperature and rainfall 
variables in water demand modelling. The rationale for including temperature variable is that 
water demand would be higher during hot temperature in summer as there is more water 
usage in the gardens, personal hygiene, swimming pools and air conditioning. The rationale 
for rainfall variable is that water usage will be low during rainy days as no/minimum water 
would be needed for garden irrigation. One of the other reasons of including temperature and 
rainfall variable in water demand modelling is the easy availability of data for these variables 
compared with other relatively complex climate variables.  
However, temperature and rainfall can be adopted in several forms in the water demand 
modelling. For example, temperature can be adopted as average temperature in a time step 
(e.g. daily, weekly and monthly), average maximum temperature, average minimum 
temperature, number of warm days, number of days exceeding a certain datum temperature 
(e.g. 250C), summer temperature and dummy variables for summer and winter season. 
Rainfall variable can be adopted as daily/ weekly /monthly rainfall, total rainfall in a month 
or year, number of rainy days, number of rain events, duration between the events, deviation 
of rainfall from an average value, and summer and winter rainfall. However, to identify 
which forms of temperature and rainfall variables would best fit into the water demand 
modelling at a given situation is a challenging task and need to be investigated thoroughly. 
Moreover, besides temperature and rainfall, some other types of climate variables may have 
influence on urban water demand such as wind speed, evaporation, evapotranspiration, 
humidity and solar exposure. All these potential climate variables should be investigated for 
their possible incorporation into the water demand modelling to develop a robust forecasting 
model to identify the impact of climate variables on urban water demand.  
Climate change impact analysis on urban water demand: A case study from Australia 
As highlighted in Introduction section, climate change impact analysis on water demand can 
be estimated in a number of steps where development of a water demand forecasting model 
using climate variables along with other types of water demand variables would be the first 
step. In this case study, the water demand forecasting model was developed by adopting a 
multiple linear regression technique with the data taken from the Blue Mountains Water 
Supply System (BMWSS) in the state of New South Wales (NSW), Australia. The BMWSS 
supplies water to around 48,000 people in the Blue Mountains area, which is located in 
eastern NSW, Australia. More details of the study area and the BMWSS can be found in 
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Haque et al. (2013b, 2014c, and 2014d). The water demand forecasting model for the Blue 
Mountains region was developed in a number of interrelated steps as outlined below: 
1. Adopting stepwise regression to shortlist the most significant water demand 
variables and estimate the regression coefficients for a given set of data. 
2. Conducting independent validation of the developed model. 
3. Estimating the evaluation statistics (e.g. average absolute relative error and 
percentage of bias) for the developed model for both the calibration and validation 
data sets to assess the reliability of the model. 
The water demand model in this case study was developed in a monthly time step, with the 
data for the period of July 2009 to September 2011 for the single dwelling residential sector 
(i.e. single detached house). The dataset was divided into two parts: (i) model development 
set (July 2009 to December 2010); and (ii) model validation set (January 2011 to September 
2011). Water consumption data was taken as “per dwelling water consumption in a month” as 
dependent variable in the water demand model to avoid the dwelling/population growth effect 
on the water demand. The adopted independent variables in the water demand model were as 
follows: 
(i) Monthly mean maximum temperature (0C) 
(ii) Monthly total rainfall (mm) 
(iii) Monthly total evaporation (mm) 
(iv) Water price (AUD/kL) 
Model results after conducting the stepwise regression analysis by adopting three forms of 
relationship [(i) linear (i.e. taken the data in the model without any transformation), (ii) log-
linear (i.e. taken only the dependent variable data as log10 base in the model) and (iii) log-log 
(i.e. both the dependent and independent variables were taken as log10 base in the model)] 
between dependent and independent variables are summarized in Table 2. All the regression 
coefficients presented in Table 2 were significant at 5% level. The regression results 
demonstrated that the monthly mean maximum temperature was the only significant variable 
in the climate variable category in water demand modelling in the study area. The positive 
coefficient value of the temperature variable indicated that the water demand would be higher 
if temperature rises. Monthly rainfall and evaporation were found to be ‘not significant’ as 
they were removed by the stepwise regression analysis since the corresponding probability 
value was greater than 10%. From Table 2, it can be seen that the log-log model produced 
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better fit than the other two models as R2 and Mallows Cp values of the log-log model were 
the highest and lowest, respectively, among the three candidate models. Therefore, the log-
log model was finally selected to identify the climate change impact on future water demand. 
Table 2. Model results (regression coefficients, R2 and Mallows Cp in stepwise regression 
analysis (t-statistic in parenthesis) 
Independent variables Model (Linear) Model (log-linear) Model (log-log) 
Mean maximum temperature 0.087 (4.37) 0.0031 (4.41) 0.119 (4.52) 
Water price 3.24 (-4.15) 0.114 (-4.15) 0.46 (-4.23) 
Model performance    
R2 72.01 72.21 73 
Mallows Cp 2.8 2.6 1.5 
  
The average absolute relative error values of the developed log-log water demand model 
during calibration and validation periods were found to be 2.39% and 2.93%, respectively. 
The percentage of bias was found to be less than 1% for both the periods. These results 
indicated that the developed model could simulate the water demand with temperature and 
water price variables in a reasonably acceptable manner which could be used to capture the 
effect of climate change (i.e. change in temperature) on water demand. However, the model 
only explained 73% variation of the dataset, which might be improved if other demographic 
and socio-economic variables could be adopted. However, due to the limitation of the 
availability of these data, the model was developed with only water price variable from the 
other categories of variables along with climate variables.  
Climate projections (i.e. temperature) by a global climate model (GCM), CSIRO Mk.3 
(Gordon et al. 2002) for the period of 2021 to 2040 were obtained from Sydney Catchment 
Authority to input into the developed water demand forecasting model. Since CSIRO Mk. 3 
GCM has a normal resolution of approximately 175 km, the temperature data obtained for 
Katoomba weather station in the Blue Mountains area were downscaled using a statistical 
downscaling method (Mehrotra and Sharma 2010) to a 5 km grid. These data were generated 
for an inter-governmental project called “Climate change and its impacts on supply and 
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demand in Sydney”. Further details on this project can be found in the technical report 
produced by Sydney Catchment Authority (2009). The downscaled temperature data were 
obtained for A2 emission scenario that is generally considered as a high emission scenario 
(Nakićenović et al. 2000). 
Thirty different realisations of the temperature projection data from CSIRO Mk. 3 GCM were 
adopted in the water demand forecasting model, and the water price data were kept the same 
for the forecasting period (2021 - 2040) to disregard the water price effect on the forecasting 
values. The average water price value for the reference period (July 2009 - September 2011) 
was incorporated in the water demand forecasting model as future value. This was done so 
that the forecasted water demand values can be compared with the water demand values in 
the reference period to identify any changes in water demand due to change in temperature. 
The 50th percentile of the thirty simulations of water demand values in the forecasted period 
were compared to water demand values in the reference period to identify the degree of 
changes due to temperature variation.   
Estimated percentage changes in average monthly water demand values in a year for the 
period of 2021-2040 in comparison to the average water demand value in the reference period 
are presented in Figure 1. It can be seen that the water demand values would increase by only 
0.65% during the forecasting period. This result indicated that there would be ‘no significant 
impact’ on water demand values due to the projected temperature change in the Blue 
Mountains area. Percentage changes in monthly water demand values for four years (2025, 
2030, 2035 and 2040) in comparison to the average water demand values in the reference 
period are presented in Figure 2. The results show that the water demand values would not 
increase by more than 4.5% for any of the months in those years. Moreover, during the colder 
months (May - September), the water demand values are predicted to decline compared to the 
average water demand value in the reference period. These results also demonstrated that the 
influence of projected temperature changes on water demand would not be that significant.    
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 Figure 1. Percentage changes of average monthly future water demand values compared with 
the reference period (July 2009 – September 2011) 
  
  
Figure 2. Percentage changes of monthly water demand values for the four future years: (a) 
2025 (b) 2030 (c) 2035 and (d) 2040 compared with the average water demand in the 
reference period (July 2009 – September 2011) 
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Uncertainty in the climate change impact analysis on urban water demand 
Climate change impact analysis on urban water demand could be influenced by several types 
of uncertainties, such as data uncertainty, modelling uncertainty and climate projection 
uncertainty. In this chapter, water demand forecasting model was developed based on the 
limited period of available data (July 2009 – September 2011), which could be regarded as 
‘relatively short span of data’. The water demand predictions would be more accurate and 
reliable if longer period of data were available to develop the water demand forecasting 
model. However, the latest water demand data from October 2011 to present was not 
available for the BMWSS during the study. Moreover, the water demand data before July 
2009 to October 2003 was associated with water restriction conditions due to the drought 
periods in Sydney. Therefore, that data could not be used in the model development. Another 
form of data uncertainty originates due to the presence of limited number of water demand 
variables in the water demand forecasting model. In this case study, the water demand 
forecasting model was developed with four independent variables. Finally, only two variables 
were retained in the water demand model based on the outcomes of the regression analysis. 
However, the model may have been able to produce more accurate predictions if other types 
of variables (e.g. demographic, socio-economic and built environment) were available for the 
study area and could be incorporated in the regression analysis. 
Modelling uncertainty could also arise due to the model structure. Several forms of water 
demand modelling are generally available in literature, such as regression modelling, 
artificial neural networks modelling, agent based modelling, system dynamics modelling and 
time series modelling (House-Peters and Chang 2011). Among these modelling approaches, 
ordinary least squares regression technique dominates water demand forecasting literature. In 
this chapter, the water demand forecasting model was developed using ordinary least squares 
regression. The developed water demand model could explain around 73% of the variation of 
the modelling dataset. The reason for the non-explanation of the remaining 27% variation of 
the dataset could be due to the limited data length and/or limited number of adopted water 
demand variables in the water demand modelling. Climate projection related uncertainties 
generally arise from the choice of GCM, downscaling method(s) and emission scenarios. 
GCM’s are known for their high degree uncertainty in climate change impact analysis (Chen 
et al. 2011, Haque et al. 2015). Choice of downscaling methods and emission scenarios were 
also found to be associated with significant degrees of uncertainties in climate change impact 
analysis on water resources (Kay et al. 2009, Gosling et al. 2011).  In this case study, climate 
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projections were derived based on one GCM, one downscaling and one emission scenario for 
incorporation into the water demand forecasting model. However, since the projected climate 
change effect on water demand by the CSIRO Mk. 3 model was found to be minor, use of 
other GCMs, downscaling methods and emission scenarios in the water demand modelling 
need to be investigated for further confirmation.. Nevertheless, if the data are available, 
projections from additional GCMs should be incorporated into the water demand forecasting 
model in future studies, which would provide a greater confidence in the predicted water 
demand results. 
Conclusion 
In this chapter, a critical literature review on the use of climate variables in urban water 
demand modelling was undertaken. Furthermore, impacts of climate change on future water 
demand were assessed for the Blue Mountains region in the state of New South Wales, 
Australia. It was found from the literature review that temperature and rainfall are the ‘most 
frequently adopted’ climate variables in water demand modelling. However, it was noted that 
the incorporation of other climate variables should be investigated for developing a more 
reliable water demand model to assess climate change impacts on water demand. Results 
from water demand modelling have shown that only the temperature variable had notable 
influence in the ‘climate variable category’ on urban water demand, whereas rainfall and 
evaporation had no notable effect. Projections of future water demand for the period 2021 to 
2040 using the developed water demand forecasting model and using climate projections 
from CSIRO Mk. 3 GCM demonstrated that future water demand in the Blue Mountains 
region of Australia would not be significantly impacted by the changed climate conditions. 
The average percentage changes in the monthly water demand in a year for the forecasting 
period would not exceed beyond 0.65% in comparison to the average water demand in the 
reference period (July 2009 to September 2011) due to the changes in the temperature. 
However, the modelling results have been deemed to be associated with some degrees of 
uncertainty (e.g. data uncertainty, modelling uncertainty and climate projections uncertainty), 
which need to be addressed and quantified to derive more reliable estimates of climate 
change impacts. The literature review on climate variables in water demand modelling and 
the modelling results obtained in relation to climate change impact assessment presented in 
this chapter provide important insights to assist in conducting more rigorous water demand 
analysis in other cities and countries. 
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